OBJECTIVE: To determine: (a) whether active pyruvate dehydrogenase (PDH a ) activity in interscapular brown adipose tissue (IBAT) is acutely regulated by altered insulin status at euglycaemia; (b) the relationship between glucose uptakeaphosphorylation and PDH a activities in IBAT in vivo; and (c) the impact of increased dietary lipid on the regulation of glucose uptake and oxidation by insulin in IBAT in comparison with that exerted on various white adipose tissue depots. DESIGN: Rats were provided with either a standard diet (8% fat, 72% carbohydrate, by energy) or a diet moderately high in saturated fat (47%, by energy) and low in carbohydrate (33%, by energy) for four weeks. Rats were studied in the absorptive state, in the post-absorptive state or after 2.5 h euglycaemic hyperinsulinaemia. Tissues sampled included IBAT and four white adipose tissue depots, two abdominal (parametrial (PM) and perirenal (PR)) and two super®cial (subcutaneous (SC) and interscapular (IS)). MEASUREMENTS: Whole-body glucose disposal was estimated using [3-3 H]glucose. Glucose uptakeaphosphorylation in vivo was estimated using 2-deoxy[1-
Introduction
The transfer of rats to diets containing high percentages of saturated fat leads to the development of wholebody insulin resistance. 1, 2 This is predominantly a consequence of impaired insulin-stimulated glucose disposal (Rd). 1, 2 Peripheral tissues exhibiting high rates of insulin-stimulated glucose uptake and phosphorylation, and which are targeted by high-fat feeding, include the oxidative skeletal muscles and brown adipose tissue (BAT). 2, 3 Suppression of insulin-dependent glucose uptake and phosphorylation by BAT may account for as much as 20% of the whole-body reduction in insulin-stimulated Rd evoked by highfat feeding 2 and, consistent with the role of BAT in the regulation of energy balance (reviewed in Refs 4 ± 6), is accompanied by reduced energy expenditure, as assessed by open-circuit respirometry. 2 Insulin stimulates whole-body glucose oxidation in vivo and this action is impaired in insulin-resistant subjects. 7, 8 The long-term administration of a high-fat, low-carbohydrate diet can also lead to suppression of glucose oxidation in some tissues (see for example, Refs 9 ± 13). The rate of glucose oxidation in vivo is determined by the activity of the mitochondrial pyruvate dehydrogenase (PDH a ) multienzyme complex (PDHC) (E.C. 1.2.4.1 E.C. 1.6.4.3 E.C. 2.3.1.2) (reviewed in Refs 14, 15) . PDHC activity is regulated by end-product inhibition and reversible phosphorylation. 14, 15 Changes in the percentage of active (dephosphorylated) PDHC are achieved by changes in the relative activities of pyruvate dehydrogenase kinase (PDK, E.C. 2.7.1.99) (phosphorylating) and pyruvate dehydrogenase phosphate (PDHP) phosphatase (E.C. 3.1.3.43) (dephosphorylating). 14, 15 It remains unresolved whether the suppression of glucose oxidation evoked by the provision of a high-fat diet is predominantly a consequence of the increased provision (and preferential oxidation) of dietary lipid, or is secondary to the insulin resistance that is induced as a consequence of the administration of excessive dietary lipid. In adipose tissue, PDHP phosphatase is a potential direct target for activation by insulin (reviewed in Ref. 16 ) and is therefore a site at which insulin resistance may be expressed. In other tissues (in particular those that have high oxidative capacities), fatty acid (FA) oxidation itself may be directly responsible for suppression of glucose oxidation though activation of PDK by increased mitochondrial [ Unlike oxidative skeletal muscle, BAT is capable of fat synthesis, 17 as well as fat oxidation. The regulation of PDHC activity in BAT is therefore of particular complexity and interest. Effects of acute insulin de®-ciency, elicited by the administration of anti-insulin serum 18 or food withdrawal, 19 to decrease PDH a activity in interscapular BAT (IBAT) have been reported, implying that BAT (like white adipose tissue) responds to changes in insulin concentrations predominantly in the low physiological range (that is, 30 mUaml). It has not, however, been established that the effects of insulin de®ciency are due to direct regulation of BAT PDHC by insulin or indirect consequences of the metabolite changes induced by insulin de®ciency, for example, adipocyte lipolysis. In the present study, we used a dietary model (the provision of a diet moderately high in saturated fat) to explore the relationships between insulin action and resistance, and FA oxidation in the regulation of PDHC activity in IBAT. The high-fat diet selected had a lipid : carbohydrate ratio (47% and 33% of total energy, respectively) that was lower than that of diets used previously by others to elicit whole-body and peripheral insulin resistance, 2 and the relative proportions of fat and carbohydrate are comparable with those which might be encountered in the`Western diet'. The diet contains suf®cient carbohydrate to prevent any signi®cant change in plasma insulin concentration in the fed state. 1, 20 Changes in insulin sensitivity of PDH a activity in vivo were evaluated using the euglycaemic-hyperinsulinaemic clamp technique and correlated with changes in whole-body glucose utilisation (assessed in vivo using H]glucose) and IBAT glucose uptake and phosphorylation (assessed in vivo using 2-[1-3 H]deoxyglucose).
Methods

Animals and diets
Adult female Wistar rats (200 ± 250 g) with free access to food and water were housed in individual cages in a temperature-controlled room (21AE 2 C) with a 12 h lightadark cycle (lights on at 08.00 h). Rats were randomly allocated to one of two groups, which were provided with ad libitum access to either standard low-fatahigh-carbohydrate diet (261 kcala 100 g diet; 8% fat, 72% carbohydrate, 20% protein, as energy) or the high-fatalow-carbohydrate diet (419 kcala100 g diet; 47% fat, 33% carbohydrate, 20% protein, as energy). The high-fat diet contained lard as the major source of lipid (43% of total energy) and corn oil (4% of total energy) to prevent essential fatty acid de®ciency. 9 The carbohydrate component of both diets was cornstarch. The high-carbohydrate diet was prepared in pellet form by Special Diet Services (Witham, Essex, UK), whereas the high-fat diet was prepared from components supplied by Special Diet Services with the exception of the lipid components, which were purchased locally. The FA pro®le of the lard was as follows: palmitate (16:0, 45%), oleate (18:1, omega-9, 37%), stearate (18:0, 16%) and linoleate (18:2, omega-6, 14%), whereas the corn oil (mazola) contained oleate (30%) and linoleate (55%) as major FA components. The high-fat diet was freshly made up every 3 ± 4 d and stored at 4 C. Rats were sampled either in the absorptive state at the end of the dark (feeding) phase of the lightadark cycle, in the post-absorptive state (after food withdrawal for 6 h) or after 2.5 h of euglycaemic hyperinsulinaemia, as speci®ed. The diurnal pattern of food intake was unaffected by the composition of the diet (results not shown).
Euglycaemic-hyperinsulinaemic clamps
Insuln action in vivo was assessed using the euglycaemic-hyperinsulinaemic clamp technique. 22 in unstressed conscious rats. 23 Each rat was ®tted with an indwelling cannula for injection and sampling as described in Ref. 23 . Rats were sampled at 5 ± 7 d after cannulation (that is, after full recovery from surgery), when it is known that normal food intake is restored. The method used for measurement of glucose utilisation is based on the accumulation of the phosphorylated form of the glucose analogue 2-deoxyglucose-Dglucose. A bolus tracer dose of 2-deoxy[1-3 H]-Dglucose was injected through the indwelling cannula at t 0. The times of sampling refer to the time of injection of 2-deoxy [1] [2] [3] H]-D-glucose as b 80% of the tissue uptake of 2-deoxyglucose occurs within the ®rst 20 min of its injection. 24 No correction has been made for possible discrimination against 2-deoxyglucose vs glucose, with respect to either glucose transport or glucose phosphorylation, and hence rates of tissue accumulation of 2-deoxy [1] [2] [3] H]-D-glucose 6-phosphate are referred to as glucose utilisation indices (GUI) values. The correction factor for the discrimination against 2-deoxyglucose (lumped constant) does not vary with changes in glucose utilisation rates of white and brown adipose tissue, and thus the use of the GUI value gives an accurate estimation of differences between groups. 22 Conditions were near steady state with coef®cients of variance of blood glucose over the 1 h period of sampling of`15%.
Enzyme assays
Active pyruvate dehydrogenase (PDH a ) activity was assayed spectrophotometrically by coupling to arylamine acetyltransferase. 25 PDH a and citrate synthase (E.C. 4.1.3.7.) activities were measured in freezeclamped adipose-tissue extracts as described in Ref. 25 , except that protease inhibitors [benzamidine (1 mM), leupeptin (10 mM), TosLysCH2Cl (0.3 mM)] were included in the extraction medium (see Ref. 26) . PDH a activities have been expressed relative to citrate synthase to correct for any differences in extraction ef®ciencies between groups. Rats were anaesthetised by injection of sodium pentobarbital (60 mgakg) (Sigma Chemical Co., Poole, Dorset, UK) via an indwelling cannula. IBAT and a range of white adipose tissue depots were rapidly removed and freeze-clamped, when locomotor activity had ceased (approx. 5 s). It is assumed that the rapid removal and prompt freeze clamping of tissues from anaesthetised animals, followed by extraction in a buffer containing EDTA, assures that the initial pyruvate dehydrogenase activity in the extracts accurately re¯ects the proportion of active form in the tissue in vivo. Total PDHC activities 27 and PDK activities 28 were assayed in extracts of mitochondria. In brief, mitochondria were incubated for 30 min at 30 C without respiratory substrate and in the presence of carbonyl cyonide p-(tri¯uoromethyoxy) phenylhydrazone (FCCP) (15 mM) to effect PDHC activation. This incubation depletes the mitochondrial ATP concentration and allows the complete conversion of inactive PDHC to active PDHC by PDH phosphatase. After incubation, mitochondrial suspensions were centrifuged (5 min, 12 000 g in an Eppendorf microfuge), the supernatants Dietary lipid and insulin action in adipose tissue MJ Holness and MC Sugden aspirated and the mitochondrial pellets frozen, prior to assay (within 24 h). Pellets were then thawed and dispersed into 50 mM KH 2 PO 4 , 50 mM K 2 HPO 2 , 10 mM EGTA, 2 mM dithiothreitol, 1 mM benzamidine, 10 mM leupeptin, 0.3 mM TosLysCH 2 Cl, pH 7.5. Mitochondria were than extracted by freeze-thawing three times. PDK activities were determined in mitochondrial extracts by the rate of ATP-dependent inactivation of PDH a as described in Ref. 28 . The incubation mixture contained 0.5 mM ATP, 1 mM MgCl2, 36 mgaml oligomycin B and 150 ± 350 m-units of active PDH a per ml. Samples for assay of PDH a were taken at 4 ± 6 time intervals, over up to 8 min (depending on PDK activity). A unit of PDH a or citrate synthase activity is de®ned as that which converts 1 mmol of substrate into productamin at 30 C. PDK activity was computed as the apparent ®rst-order rate constant for ATP-dependent PDH a inactivation. 28 
Statistical analysis
Experimental data are expressed as means AE s.e.m. Statistical comparisons were made with StatView (Abacus Concepts, Inc., Berkeley, CA). Statistical signi®cance of differences between groups was assessed using ANOVA with diet (control or highfat) as the independent variable followed by individual comparisons by Fisher post hoc tests. Comparisons between control and high-fat-fed groups were performed using the unpaired Student's t test. Where data are not normally distributed, the Mann-Whitney U test was used. P`0.05 was considered to be statistically signi®cant.
Results
Energy intakes and body weights
Although rats provided with the high-fat diet consumed less, this diet was of higher energy density (see Methods). As a consequence, the transfer of rats to the high-fat diet did not signi®cantly affect daily energy intake (Table 1) and at 28 d, body weights did not differ signi®cantly between groups (Table 1) .
Plasma insulin concentrations and IBAT PDH a activities in the absorptive (fed) state
Plasma insulin concentrations of the high-fat-fed rats in the absorptive state (sampling at the end of the dark (feedingaactivity) phase) after 28 d of high-fat feeding, did not differ signi®cantly from those of rats maintained on standard diet, but were signi®cantly (P`0.05) higher than those observed in post-absorptive (6 h-starved) rats (see Table 2 ). IBAT PDH a activities, expressed relative to the mitochondrial marker citrate synthase, were signi®cantly suppressed (by 72%) in response to high-fat feeding for 28 d ( Table 2 ). Citrate synthase activities were unaffected by high-fat feeding ( Table 2) . Total PDHC activities (sum of active and inactive forms) were not changed by the provision of high-fat diet (59.4 AE 6.8 m-unita unit of citrate synthase (n 10); pooled values for the two groups).
Euglycaemic-hyperinsulinaemic clamp experiments after 28 d of high-fat feeding
No signi®cant differences existed between the highfat-fed rats and the control rats with respect to basal glucose and insulin concentrations in the post-absorptive state (Table 3) . However, whole-body glucose disposal (Rd) in the basal state was reduced by high fat feeding from 11.8 AE 1.0 mgamin per kg to Table 1 Energy intakes and body weights of rats provided with access ad libitum to a standard or a high-fat diet. Rats were randomly allocated to one of two groups and provided with access ad libitum to either standard diet or a semi-synthetic highfat diet for up to 28 d. Further details are given in Methods. Results are expressed as means AE s.e.m. for 6 ± 11 rats.
Food intake (kcalad)
Body wt (g) Dietary lipid and insulin action in adipose tissue MJ Holness and MC Sugden 6.5 AE 0.9 mgamin per kg (P`0.05). Euglycaemichyperinsulinaemic clamp studies were conducted with rats in the post-absorptive state at 6 h after the withdrawal of the maintenance diet (that is, in the absence of a dietary lipid input). In initial experiments, we found that an insulin infusion rate of 2.1 mUakg per min led to plasma insulin concentrations in high-fat-fed rats (21AE 2 mUaml) comparable with those observed in the absorptive state. However, whole-body Rd under these conditions of hyperinsulinaemia in the high-fat-fed rats was increased only slightly over basal (to 8.6 AE 1.5 mgamin per kg) and remained lower than those found in the control rats in the post-absorptive state. Furthermore, IBAT PDH a activities still remained relatively low (4.9AE 1.5 munitaunit of citrate synthase (n 4)), not signi®cantly different from those observed in high-fat-fed rats in the absorptive state and lower than those found in the control rats in the absorptive state. We therefore doubled the rate of insulin infusion to 4.2 mUakg per min. Plasma insulin concentrations were elevated to a similar extent in both groups to values approx. 1.5-fold higher than those found in control rats in the absorptive state (see Table 3 ). Blood glucose levels during insulin infusion were maintained such that values did not differ signi®cantly between the two groups of rats (Table 3) . Whole-body Rd at this level of hyperinsulinaemia was reduced by high-fat feeding from 25.6AE 2.5 mgamin per kg (n 5) to 19.4AE 0.8 (n 6) mgamin per kg (P`0.01). The results indicate that the moderate high-fat feeding programme used in the present study suppresses whole-body insulin action, even at insulin concentrations generally exceeding those found in the absorptive (fed) state, and induces whole-body insulin resistance, which is of physiological signi®cance for glucose disposal at the insulin concentrations found in the absorptive state (see Table 2 ).
Basal and insulin-stimulated glucose uptakeaphosphorylation and PDH a activities in IBAT after 28 d of high-fat feeding
Consistent with the existence of insulin resistance with respect to glucose disposal at the insulin concentrations found in the absorptive state, rates of glucose transportaphosphorylation (assessed using 2-deoxy[1-
3 H]-D-glucose, and therefore referred to as GUI values) measured in IBAT in the intact animal in the absorptive (fed) state, were signi®cantly decreased by high-fat feeding (from 101.1AE 11.6 ngamin per mg to 19.4 AE 6.9 ngamin per mg; P`0.001). High-fat feeding also suppressed IBAT glucose utilisation, measured in the basal state (by 84%, P`0.05) ( Figure 1A ). In rats maintained on standard diet, 2.5 h of euglycaemic hyperinsulinaemia at the insulin infusion rate of 4.2 mUakg per min increased IBAT GUI values by 12-fold ( Figure 1A) . Although IBAT glucose utilisation also increased dramatically after insulin stimulation in the high-fat-fed group (by 19.8-fold, P`0.05), glucose utilisation rates during steady-state hyperinsulinaemia at matched insulin and glucose concentrations were greatly suppressed by high-fat feeding (by 73%, P`0.001).
PDH a activities measured in the basal state and at the end of 2.5 h euglycaemic-hyperinsulinaemia are shown in Figure 1B . IBAT PDH a activities in the postabsorptive state, measured in extracts of freezeclamped tissue, were low in rats previously maintained on either diet. At basal insulin concentrations, IBAT PDH a activities were signi®cantly (P`0.001) lower than in the absorptive state in the control group, but not in the high-fat-fed group (compare values in Figure 1B and Table 2 ). Euglycaemic hyperinsulinaemia led to a signi®cant (P`0.001) increase in PDH a activities in IBAT of rats maintained on the control diet ( Figure 1B ) and IBAT PDH a activities measured at the end of the clamp in these rats were restored to values comparable to those found in the absorptive state. IBAT PDH a activities in rats previously maintained on high-fat diet were increased by 2.5 h of euglycaemic hyperinsulinaemia ( Figure 1B) . At the end of the clamp, IBAT PDH a activities of high-fatfed rats remained signi®cantly lower (by 55%; P`0.01) than those of the control rats ( Figure 1B) . PDH a activities in IBAT of high-fat-fed rats at the end of the clamp were only 62% of those of control rats sampled in the absorptive state, but were nevertheless higher than those of high-fat-fed rats sampled in the absorptive state (see Table 2 ).
Effects of high-fat feeding in white adipose tissue in vivo
We examined whether the insulin resistance observed at the level of whole-body Rd and IBAT glucose utilisation in the intact animal extended to white adipose tissue. Rates of glucose utilisation (assessed using 2-deoxy-D- [1- 3 H]glucose) in vivo were estimated in four distinct adipose-tissue depots, two deep abdominal depots (parametrial (PM) and perirenal (PR)) and two super®cial depots (subcutaneous (SC) and interscapular (IS)) (Figure 2 ). Glucose Dietary lipid and insulin action in adipose tissue MJ Holness and MC Sugden utilisation rates in the post-absorptive state in the control group showed no statistically signi®cant variation between depots. High-fat feeding signi®cantly decreased glucose utilisation rates in the post-absorptive state in IS, but not in SC, PM or PR. Euglycaemic hyperinsulinaemia signi®cantly increased glucose utilisation in the two abdominal depots (by 3.0-fold in PM and by 2.7-fold in PR, P`0.05 in each case) and in the SC depot (by 1.6-fold, P`0.05) of control rats. Euglycaemic hyperinsulinaemia did not signi®cantly increase glucose utilisation in the two abdominal depots and in SC in the high-fat-fed group.
The contribution of white adipose tissue to wholebody glucose homeostasis in non-obese rodents in vivo is exerted predominantly through changes in the rate of triacylglycerol breakdown and NEFA release. At the insulin infusion rate used for the data shown in Figure 1 (4.2 mUakg per min; leading to a steady-state plasma insulin concentration of approx. 60 ± 65 mUaml), plasma NEFA concentrations at the end of the clamp were lower in the high-fat-fed group than in the control (control, 0.21 AE 0.04 mM; high-fat-fed, 0.08AE 0.02 mM; P`0.05). There was no evidence from dose-response studies with isolated adipocytes that the anti-lipolytic action of insulin at low concentrations ( 25 mUaml) was impaired by the high-fat feeding protocol ( Figure 3A) . Indeed, agonist-stimulated lipolysis rates were signi®cantly (P`0.05) lower in cells prepared from the high-fat-fed rats at insulin concentrations of 5 mUaml, 10 mUaml and 15 mUaml ( Figure 3B) . Consistent with the doseresponse characteristics for inhibition of lipolysis identi®ed in vitro, plasma NEFA concentrations were suppressed to low levels at the end of the lowdose clamp (from 0.69AE 0.20 mM to 0.24 AE 0.05 mM).
PDH a activities were measured in each of the four white adipose-tissue depots. Results expressed relative to the mitochondrial marker citrate synthase to correct for possible differences in extraction ef®cien-cies, are shown in Table 4 . PDH a activities varied between the individual adipose-tissue depots. In both Dietary lipid and insulin action in adipose tissue MJ Holness and MC Sugden control and high-fat fed groups, PDH a activities expressed relative to citrate synthase were generally higher in the deep abdominal depots than in the super®cial depots. In the control group, the interdepot variation achieved signi®cance for PM vs SC (P`0.05) whereas in the high-fat-fed group, signi®cant differences existed between PM vs SC (P`0.01), PM vs IS (P`0.05), PR vs SC (P`0.01) and PR vs IS (P`0.01). High-fat feeding signi®cantly increased PDH a activity in PR, but was without signi®cant effect on PDH a activity in PM, SC and IS. Citrate synthase activities (expressed relative to tissue weight) did not vary signi®cantly between depots in the control group. Higher citrate synthase activities were observed in IS compared with PM, PR and SC in the high-fat-fed group (P`0.05 vs PM and PR). As in control rats, citrate synthase activities in PM, PR and SC were similar in rats provided with the high-fat diet. High-fat feeding did not signi®cantly affect citrate synthase activities in any of the whiteadipose-tissue depots.
Discussion
In rats previously maintained on standard (lowfatahigh-carbohydrate) laboratory diet, food withdrawal leads to a signi®cant decline in IBAT PDH a activities within 6 h. 19 This early onset response parallels that observed in the liver 19 (which is thought to be a direct consequence of the decline in insulin 19, 29 ), but precedes starvation-induced suppression of PDH a activity in skeletal muscle, 30 which is thought to be a consequence of enhanced FA oxidation. 23, 30 The absence of any marked increase in plasma NEFA concentrations over the ®rst 6 h after food withdrawal 23 suggests that suppression of PDH a activity in IBAT may be a direct consequence of the accompanying decline in plasma insulin concentrations. Previous studies have demonstrated that IBAT PDH a activities in post-absorptive rats can be increased in response to insulin injection, 18,19 but glycaemia was not rigorously controlled. Given the sensitivity of BAT metabolism to stimulation by noradrenaline (see for example, Refs 31, 32; see Ref. 33 for review), it is important to exclude any possibility that the in vivo effect of insulin injection may be a consequence of increased concentrations of counter-regulatory hormones released in response to hypoglycaemia. The questions addressed in the present study were ®rst, whether IBAT PDH a activity can be acutely regulated by altered insulin status at euglycaemia and, if so, over what concentration range, and secondly, whether insulin resistance induced by highfat feeding impacts on the regulation of glucose oxidation in IBAT. A comparison was made with the in vivo response of white-adipose-tissue glucose uptake and PDH a activity to high-fat feeding:
although high-fat feeding down-regulates the expression of the insulin-sensitive glucose transporter GLUT4 in both white 34 and brown 35 adipose tissue, the impact of this effect on glucose transport (uptake and phosphorylation) in vivo in white-and brownadipose-tissue have not generally been assessed in parallel. Such a study is important, since recent studies have indicated differential modi®cation of white-and brown-adipose-tissue glucose transport and intracellular signalling mechanisms by high-fat feeding. 36, 37 We examined white adipose tissue from several depots in view of data demonstrating that individual depots subserve distinct physiological functions and may exhibit differential sensitivities to insulin (see for example, Refs 38 ± 41).
BAT may be responsible for up to 20 ± 25% of whole-body Rd when insulin concentrations are high. 42, 43 Conversely, suppression of glucose uptake and phosphorylation by BAT may contribute 20 ± 25% of the whole-body difference in insulin-stimulated glucose uptake between control and high-fat-fed rats at a mid-physiological insulin concentration. 2 The contribution of white adipose tissue to peripheral basal and insulin-stimulated Rd in the non-obese rat is negligible (`10%). 22 The high-fat diet used in the present experiments contained less lipid and more carbohydrate than those shown previously by others 2 to suppress insulin-stimulated glucose utilisation by IBAT in association with whole-body insulin resistance after high-fat feeding (a lipid : carbohydrate ratio of 1.42, as opposed to 2.95). The composition of the high-fat diet used in the present study is similar to the average`Western diet'. We therefore considered it necessary to establish the extent to which our dietary treatment impaired whole-body insulin action and, more speci®cally, insulin-stimulated glucose utilisation by IBAT. The high-fat diet protocol that we used suppressed IBAT glucose utilisation by approx. 80%, both in the absorptive state (that is, during the absorption of dietary lipid) and in the post-absorptive state. The decline in glucose utilisation observed in IBAT in the post-absorptive state in response to highfat feeding was proportionally greater than the effect on whole-body glucose turnover, demonstrating the exquisite sensitivity of IBAT to this nutritional manipulation. Rates of glucose utilisation estimated in four distinct white adipose-tissue depots, two deep abdominal and two super®cial, were very low compared with those of BAT. Whereas euglycaemic hyperinsulinaemia signi®cantly increased glucose utilisation in three out of the four white-adipose-tissue depots in control rats, effects did not achieve statistical signi®cance in the high-fat-fed group. However, this was, in part, a consequence of between animal variation in response, and we obtained no evidence for insulin resistance at the level of suppression of adipocyte triacylglycerol breakdown and NEFA release as a result of the dietary model of fat-feeding used in the present study.
During the hyperinsulinaemic clamp studies, blood glucose concentrations were ®xed at euglycaemia Dietary lipid and insulin action in adipose tissue MJ Holness and MC Sugden (approx. 4 mM), avoiding the release of insulin counter-regulatory hormones. In post-absorptive rats, previously maintained on standard (low-fatahighcarbohydrate) laboratory diet, euglycaemic hyperinsulinaemia resulted in a signi®cant increase in IBAT PDH a activity after 2.5 h, with reversal of the effects of acute (5 ± 7 h) starvation to decrease IBAT PDH a activity. However, although the insulin concentration during the clamp was approximately double that seen in the absorptive phase, IBAT PDH a activity did not signi®cantly exceed that found in the absorptive phase, where there is approx. 30% of total PDHC present in the active dephosphorylated form. The results of the clamp studies thus indicate that PDH a activity in IBAT is responsive to changes in insulin status, with variation in activity over the insulin concentration range found during the fed-to-starved transition (that is, 75 mUaml). This insulin concentration range is similar to that over which white adipose tissue responds to insulin with inhibition of lipolysis (present work, see also Ref. 44) . Previous studies have shown rapid activation of PDHC in the IBAT of 24 h-starved rats, following i.v. infusion of glucose with concomitant elevation of insulin to the high physiological range; 45 the present studies clearly demonstrate that a rise in glycaemia is not necessary for PDHC activation to be achieved.
In contrast with its effects on glucose utilisation, the impact of high-fat feeding on IBAT PDH a activity, was limited in the post-absorptive state. This arises since IBAT PDH a activity is suppressed by 6 h of food withdrawal even when rats have been previously maintained on standard (high-carbohydratealow-fat) diet (compare Table 2 and Figure 1B ; see also Ref. 19 ). Euglycaemic-hyperinsulinaemic clamp studies demonstrated a signi®cant response of IBAT PDH a to 2.5 h of hyperinsulinaemia in high-fat-fed rats, but the increase in activity was less than that observed in control rats. In the low-dose clamp studies, insulin was infused into post-absorptive high-fat-fed rats to achieve insulin concentrations comparable to those found in the absorptive phase in control rats. IBAT PDH a activities increased, but only to values observed in the high-fat-fed group in the absorptive phase. The suppression of IBAT PDH a activity after 28 d of highfat feeding can therefore be explained solely on the basis of IBAT insulin resistance and a supply of dietary fat, at least in the short-term, is not essential for the maintenance of low PDH a activities. A doubling of the insulin concentration during insulin infusion studies led to little further increase in PDH a activity in the high-fat-fed group and PDH a activity remained`50% of those of rats maintained on lowfat diet. In the post-absorptive group, a dietary source of lipid is excluded and suppression of lipolysis (as assessed from plasma NEFA concentrations) is complete. The results imply that suppression of IBAT PDH a activity in the absorptive state through an increased dietary lipid supply can occur, even when plasma insulin concentrations are relatively high, implying that little or no restraint on mitochondrial FA oxidation can be imposed by insulin in the high-fat fed group.
The question remains as to whether the acute effect of insulin to in¯uence PDH a activity in BAT is a consequence of acute activation of PDHP phosphatase or suppression of PDK activity. The failure of hyperinsulinaemia to normalize PDH a activity in BAT of high-fat-fed rats implies that the PDKaPDH phosphatase activity ratio remains higher in the high-fat-fed rats than in the control rats. Delayed PDHC reactivation in oxidative tissues, including liver, on re-feeding after prolonged starvation, has been attributed, at least in part, to substantial (2-to 4-fold) stable increases in PDK activity. 28, 46 A reduced response of BAT PDHC to an intravenous glucose load has been noted in overnight-starved rats, previously maintained on a high-fat diet. 10 In the present experiments, the provision of the high-fat diet for 28 d led to a modest, but nevertheless signi®cant (P`0.01), 1.4-fold stable increase in the activity of PDK, measured in extracts of isolated mitochondria (control, 0.141 AE 0.017 min 71 (n 14); high-fat-fed, 0.226AE 0.013 min
71
(n 6); P`0.01). Recent work has identi®ed speci®c PDK isoforms with distinct regulatory properties whose expression is suppressed by insulin. 1, 27, 47, 48 It is tempting to speculate that altered IBAT PDK isoform expression may result from the insulin resistance induced by high-fat feeding. In addition since pyruvate acutely suppresses PDK activity (reviewed in Ref. 14) , maintenance of a relatively high PDK activity in the absence of FA oxidation would be facilitated by impaired stimulation of BAT glucose utilisation (and therefore production of pyruvate via glycolysis) by insulin in the high-fat-fed group.
Interestingly, inhibition of PDH a activity in response to the high-fat feeding regime used in the present study was speci®c to BAT and was not observed in any of the four white-adipose-tissue depots studied. This may re¯ect the maintenance of relatively high insulin concentrations, which has a strong protective action against inactivation of PDHC by FA in white adipocytes. 49 Total PDHC activities in white adipose tissue were not measured in the present study. However, a previous study 13 reported that both active and total PDHC activities were depressed by high-fat feeding in epididymal fat pads of young male rats. Another study demonstrated that antecedent high-fat feeding prolonged the response of white adipose tissue PDHC to an intravenous glucose challenge in overnight-starved rats. 10 Attention has focused on the relationship between insulin resistance and decreased thermogenesis in the post-prandial period. 2 Brown fat ablation markedly enhances the susceptibility to diet-induced obesity, diabetes and hyperlipidaemia in non-obese rodents 5 and BAT is a major thermogenic organ in the rat (reviewed in Ref. 6 ). It has been suggested that insulin resistance in BAT is likely to be a signi®cant factor in reduced post-prandial thermogenesis in response to a Dietary lipid and insulin action in adipose tissue MJ Holness and MC Sugden glucose meal in rats maintained on a diet high in fat. 2 Impaired thermogenesis in response to a lipid test meal was not impaired by long-term high-fat-feeding. 2 Impaired stimulation of glucose utilisation and activation of BAT PDH a in response to a physiological rise in insulin may contribute to the speci®c impairment of thermogenesis observed in response to glucose in insulin resistant rats receiving a`Western' type diet, moderately high in saturated fat, but still containing suf®cient carbohydrate to maintain insulin concentrations.
